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Alzheimer's disease (AD) and osteoporosis are multifactorial progressive degenerative 
disorders. Increasing evidence shows that osteoporosis and hip fracture are common 
complication observed in AD patients, although the mechanisms underlying this association 
remain poorly understood. Reactive oxygen species (ROS) are emerging as intracellular 
redox signaling molecules involved in the regulation of bone metabolism, including receptor 
activator of nuclear factor-KB ligand-dependent osteoclast differentiation, but they also 
have cytotoxic effects that include lipoperoxidation and oxidative damage to proteins and 
DNA. ROS generation, which is implicated in the regulation of cellular stress response 
mechanisms, is an integrated, highly regulated, process under control of redox sensitive 
genes coding for redox proteins called vitagenes. Vitagenes, encoding for proteins such as 
heat shock proteins (Hsps) Hsp32, Hsp70, the thioredoxin, and the sirtuin protein, represent 
a systems controlling a complex network of intracellular signaling pathways relevant to life 
span and involved in the preservation of cellular homeostasis under stress conditions. 
Consistently, nutritional anti-oxidants have demonstrated their neuroprotective potential 
through a hormetic-dependent activation of vitagenes. The biological relevance of dose- 
response affects those strategies pointing to the optimal dosing to patients in the treatment 
of numerous diseases. Thus, the heat shock response has become an important hermetic 
target for novel cytoprotective strategies focusing on the pharmacological development of 
compounds capable of modulating stress response mechanisms. Here we discuss possible 
signaling mechanisms involved in the activation of vitagenes which, relevant to bone 
remodeling and through enhancement of cellular stress resistance provide a rationale to 
limit the deleterious consequences associated to homeostasis disruption with consequent 
impact on the aging process. 
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INTRODUCTION 

Mitochondrial medicine is emerging as powerful candidate for 
expanding anatomical and Mendelian biological concepts aimed 
to solve complexity in age-related diseases, aging and cancer (Di 
Domenico etal, 2010; Wallace, 2010, 2012, 2013). Interaction 
between structure and energy is a fundamental life prerequisite. 
This dualism in eukaryotic cell, was generated approximately 
two billion years ago after the symbiosis of a glycolytic pro- 
genitor, which evolved the nucleus-cytosolic compartment, and 
an oxidative progenitor evolving toward an ancient mitochon- 
drion. Initially each proto-organism contained all the genes for 
an independent life. However, 1.2 billion years later, after sub- 
sequent genomic reorganizations and alternative rearrangements, 
was achieved a cellular arrangement in which the mitochondrial 
compartment became specialized in the generation of energy. 



while the nuclear and cytosolic compartment was functionally 
polarized toward structure. This final arrangement was the start- 
ing point for multicellularity fostering evolution in higher plants 
and animal kingdom, including humans. Notably, this original 
architecture comeback powerfully in our cells in all conditions 
where tumor initiation and promotion occur and the glycolytic 
tone of metabolic potential put in motion a process leading to 
the marginalization of energy transduction mechanisms, kicking 
off mitochondrial energy production in favor of a sustained high 
proliferative potential which underlie tumor progression (Cal- 
abrese et al, 2007c; Wallace, 2008; Perluigi et al, 2010; Bellia et al, 
2011). In view of this, comprehension of aging mechanisms of 
aging and determinants of life span will contribute to decrease 
age-related morbidity and promote healthy aging. Over the last 
centuries, as a consequence of exogenous environmental factors 
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and medical progress, average lifespan has increased, but maximal 
life span has not changed (Edrey etal., 2014; Willcox and Will- 
cox, 2014). Consistent with this notion and relevant to longevity 
mechanisms, vitagenes by preserving cellular homeostasis dur- 
ing stressful conditions represent a functional network regulating 
life span. Vitagenes, are redox sensitive genes encoding for heat 
shock proteins (Hsps) Hsp32, Hsp70, for the thioredoxin and 
the sirtuin protein systems (Calabrese etal., 2008e; Bellia etal, 
2009; Cornelius etal., 2013b). In this regard, nutritional anti- 
oxidants, have recently been demonstrated to be neuroprotective 
via hormetic pathways, including vitagenes. The hormetic feature 
of dose-response appears to quantitatively describe the limits of 
biological plasticity across phyla as well as at different levels of 
biological organization (cell, organ, and organism). Thus, phar- 
maceutical treatments for a wide range of human conditions can 
be based upon the hormetic biphasic dose response, as discovered 
within preclinical evaluations and then directly applied to human 
populations. The biological relevance of hormetic dose-response 
affects, ultimately, those strategies pointing to the optimal dos- 
ing to patients in the treatment of numerous diseases and, within 
this context, the heat shock response (HSR) can be considered an 
important hormetic target to design cytoprotective compounds 
able of inducing stress response mechanisms. Here we discuss 
signaling mechanisms activating vitagenes, which are relevant to 
bone remodeling which, through enhancement of stress resistance 
provide a rational therapeutic approach to limit the deleterious 
consequences associated to disruption of homeostasis with con- 
sequent impact on the aging process (Murshid etal, 2013; Saibil, 
2013). 

ALZHEIMER'S DISEASE 

Alzheimer's disease (AD) is characterized by progressive deterio- 
ration of cognitive functions and stress (Calabrese etal., 2006d), 
with biochemical alterations consisting in the accumulation of 
amyloid-P (Ap) protein in the form of senile plaques and intracel- 
lular neurofibrillary tangles, associated with hyperphosphorylated 
tau protein and neuronal cell depletion (Liu and Chan, 2014). 
Prevalence of AD rises exponentially with age, increasing drasti- 
cally after 65 years. Sporadic AD, affecting more than 15 million 
people worldwide, is more common than familial AD (Richard 
and Brayne, 2014). Mild cognitive impairment (MCI) is regarded 
as a transition state between normal aging and dementia (Swom- 
ley et al., 2013). Importantly, almost one half of these individuals 
evolves to late onset AD (LOAD), accounting for about 60% of 
the total cases of dementia in USA and Western countries (Swom- 
ley etal., 2013). MCI, which can also be due to severe depression, 
extensive white matter pathology or severe vitamin B12 deficiency, 
is characterized by memory impairment with or without com- 
promission in other single or multiple cognitive domains, in the 
absence of fulfillment of the standardized criteria for dementia 
(Swomley etal, 2013). The pathological hallmarks of AD are 
amyloid plaques, formed of Ap peptide derived from the trans- 
membrane amyloid precursor protein (APP; Siciliano et al., 201 1), 
and neurofibrillary protein tangles, composed of hyperphospho- 
rylated tau, in the temporal lobe and some other brain cortical 
regions associated with death of neuronal cells and synaptic deple- 
tion (Hardas et al., 2013). Given the heterogeneity of the etiologic 



factors underlying the pathophysiology of AD, although integrated 
approaches have been elaborated to explain its pathogenesis, such 
as Ap aggregation, the precise definition of most critical fac- 
tors determining the clinical onset and progression of the disease 
remains and elusive and a difficult task (Siciliano etal, 2011). 
Ap peptide (Lodi etal., 2006; Wallace, 2013) has been shown 
to induce protein oxidation in both in vitro and in vivo studies 
(Hardas etal., 2013), and increasing evidence supports the role 
of free radical reactions in the pathogenesis of the disease. Con- 
sistent with this notion, it is demonstrated that these peptides 
form oligomers exerting neurotoxic effects by enhancing reac- 
tive oxygen species (ROS) level in the brain (Hardas etal, 2013). 
More specifically, Ap oligomers directly generate H2O2 through: 
(i) a cupper-dependent superoxide dismutase-like activity (Fang 
etal., 2010), (ii) activation of NADPH-oxidase in astrocytes, 
(iii) modulation of mitochondrial ROS generation via regulation 
of activity of enzymes such as Ap-binding alcohol dehydrogenase 
and a-ketoglutarate dehydrogenase (Borger et al.,2013). Increased 
proteotoxic and lipoperoxidative brain damage has been docu- 
mented in subjects with MCI, compared to normal (Chico etal., 
2013; Swomley etaL, 2013; CerveUati etal, 2014). Thus, oxidative 
stress and disturbed protein metabolism and their interaction in 
a vicious cycle characterize AD as a protein misfolding disease, 
with protein clearance defects through the ubiquitin-proteasome 
system (Hong etal., 2014; Valasani etal., 2014). There is strong 
evidence, also, that APP may act as a trophic factor relevant to 
neurite outgrowth and synaptogenesis, as well as growth and cell 
proliferation (Abramov etal., 2009; Jiang etal, 2013; Bukanova 
etal, 2014; Dawkins and Small, 2014; Hughes etal, 2014). How- 
ever, future research are required to fully clarify mechanisms of 
APP action (Dawkins and Small, 2014). In addition, identification 
of normal physiological functions of Ap is an extremely impor- 
tant emerging issue, as many therapeutic strategies used for the 
treatment of AD point to prevent Ap production or to increase 
Ap clearance from the brain. Consistently, it cannot be, so far, 
ruled out that these strategies does not interfere with important 
physiological functions (Abramov etal, 2009; Kang etal., 2013; 
Bukanova etal., 2014; Mizoi etal., 2014; Ponnayyan Sulochana 
etal, 2014). 

Among biochemical alterations occurring in AD pathology, 
deficit in choline esterase and overstimulation of NMDA receptors 
are the main target for current therapeutic approaches focusing on 
symptoms rather than more substantial eradication of the disease. 
Thus, to date there not drugs are available in the market capable of 
revert the disease, but only to influence the intensity of symptoms 
and the progression of the pathology (Ponnayyan Sulochana et al., 
2014). 

CELLULAR STRESS RESPONSE AND THE VITAGENE 
NETWORK 

It is known that low concentrations of ROS are able to induce 
the expression of anti-oxidant enzymes and other defense mech- 
anisms. The basis to explain this phenomenon refers to the 
concept of hormesis (Calabrese etal., 2006b), which is a dose- 
response relationship in which a given substance is stimulatory 
at low dose while at high doses exerts inhibitory effects. Radi- 
cal active species may be beneficial since they act as signals to 
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enhance cellular defenses but become deleterious when present 
within a cells at high levels. ROS when in excess can over long- 
term disrupt redox homeostasis, cause oxidative stress, loss of 
molecular fidelity which underlie accumulation of unfolded or 
misfolded proteins in brain. Alzheimer's, Parkinson's, Hunt- 
ington's, amyotrophic lateral sclerosis, and Friedreich ataxia 
all belong to the so called "protein conformational diseases" 
affecting several thousands of aged people in all the world 
(Lodi etal, 2006). Unfolded protein response put in motion 
by chaperons actively rescue misfolded proteins, breaking up 
aggregates, and assisting the refolding process. Those proteins 
that cannot be rescued by refolding are, however, delivered 
to the proteasome by other chaperones and recycled (Lodi 
etal., 2006). In general, an unfolded protein response occur 
within conformational diseases characterized by dysfunctional 
aggregation of proteins accumulating in a non-native confor- 
mation. Under these physiopathological conditions, multiple 
metabolic derangements generally take place in association to 
excessive production of ROS and oxidative stress (Lodi etal., 
2006). 

The ability of a cell to withstand stressful conditions is 
defined cellular stress response (Figure 1). This phenomenon 
includes the HSR and represents a highly conserved ancient 
mechanism of cytoprotection (Calabrese etal., 2006b; Lodi etal., 
2006). Synthesis of Hsps, which includes protein chaperones, is 
fundamental for proper folding and repair of denatured pro- 
teins, thus promoting conditions favorable to cell survival that 
would otherwise result in apoptotic cell death (Calabrese etal.. 



2006c; Scapagnini etal., 2006). Chaperones promote cell sur- 
vival by sequestering damaged, denatured proteins and inhibiting 
formation of aggregates. The response to formation of aggre- 
gates is coordinated by an elaborated regulatory system which, 
simultaneously to up-regulation of several chaperones and other 
survival-promoting proteins, silences most cellular highly energy 
demanding functions. For this reason, most chaperones are 
also defined Hsps in reference to heat shock as the prototypic 
form of cellular stress. Chaperones under normal conditions 
elicit multiple roles, promoting proteins or RNA transport and 
remodeling events in large protein complexes essential for the 
regulation of cell migration, differentiation, signaling, tran- 
scription, and proliferation. Cellular stress response consist of 
pro-survival pathways controlled by cytoprotective genes called 
vitagenes (Mancuso etal., 2007b), resulting in the production 
of molecules endowed with anti-oxidant and anti-apoptotic 
potential, such as Hsps, glutathione, bilirubin (BR), and car- 
bon monoxide (CO; Calabrese etal., 2007a). Vitagenes include 
members of the Hsp family, such as heme oxygenase- 1 and 
Hsp72, sirtuins and the thioredoxin/thioredoxin reductase sys- 
tem (Calabrese et al, 2008d). Increasing evidence suggests that the 
HSR promotes cytoprotective conditions in several human dis- 
ease states, such as mild chronic inflammation, cancer, aging, 
and neurodegenerative diseases (Calabrese etal, 2007b, 2008e, 
2011). Thus, an emerging interest is growing on the cytopro- 
tective potential of the HSR as pharmacological agents capa- 
ble of inducing the HSR are important candidate for novel 
anti-degenerative and anti-inflammatory therapeutic strategies 



CELLULAR STRESS RESPONSE 
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Fasting Oxidant Disorders and Aging stress: 




Protein conformational diseases: 
Neurodegenerative disorders 
Aging, Metabolic diseases 
Cancer, Osteoporosis 



FIGURE 1 I Vitagenes and the pathway of cellular stress response. 

IVIisfoided proteins cumulating in response to proteotoxic stresses trigger 
the cellular stress response. Hsps that are normally bound to HSF1, 
maintaining it in a repressed state before stress, are titrate away by 
damaged or misfolded proteins with resulting HSF-1 activation. Multi-step 
activation of HSF1 involves post-translational modifications, such as 
hyperphosphorylation, deacetylation, or sumoylation, which allow HSF1 to 
trimerize, translocate into the nucleus, and bind to heat shock elements 
(HSEs) in the promoter regions of its target Hsp genes. Nutritional 



anti-oxidants, are able to activate vitagenes, such as heme oxygenase, 
Hsp70, thioredoxin reductase and sirtuins which represent an integrated 
system for cellular stress tolerance. Activation of vitagene system, with 
up-regulation of HO-1, thioredoxin, GSH, and sirtuin, results in reduction of 
pro-oxidant conditions. During inflammaging, including aged-associated 
pathologies, such as Alzheimer's disease and osteoporosis, a gradual 
decline in potency of the heat shock response occur and this may prevent 
repair of protein damage, leading to degeneration and cell death of critical 
parenchymal cells. 
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(Abdul etal, 2006; Mancuso etal, 2007a; Calabrese etal, 
2008b,gj). 

Transcriptional, translational, and post-translational regula- 
tion of cellular stress response occur with the intervention of heat 
shock transcription factors (HSFs) normally expressed and main- 
tained in an inactive state (Calabrese and Maines, 2006; Perluigi 
etal, 2006; Calabrese etal., 2008f,h; Zhang etal, 2014). Post- 
translational regulation of HSFs is an emerging area of interest 
integrating the metabolic state of the cell with biology of stress, 
and hence controlling important complex aspects of proteome 
molecular fidelity and physiology with consequent impact on 
aging processes. The HSR is transcriptionally controlled through 
C!5-acting sequences called heat shock elements (HSEs) present 
in multiple copies upstream of the Hsp genes. Unlike inverte- 
brates showing a single HSF, vertebrates express multiple HSFs 
as for plants. Four mammalian members of HSF have been 
identified: HSFl, HSF2, HSF3, and HSF4, all recognizing and 
binding the HSE, formed by inverted repeats of nGAAn consen- 
sus sequences. Thus, all four HSFs have overlapping functions 
associated with distinct patterns of tissue-specific expression, and 
undergo multiple post-translational modifications and exhibit- 
ing various interacting protein partners. Up-regulation of Hsp 
synthesis in response to stress, besides heat shock, is also initi- 
ated by redox-dependent mechanisms, endogenous or exogenous, 
in both cases resulting in trimerization and DNA binding of 
HSFl. Relevant to transactivation process is the cysteine moi- 
ety which operates as critical redox switch leading to the HSF 
activation (Zhang etal., 2014). In particular, formation of an 
intermolecular disulfide bond between cysteine 36 and cysteine 
103 within HSFl, trigger trimerization and subsequent DNA 
binding, whereas a disulfide intramolecular bond formation has 
inhibitory effects for the transactivating activity of HSF. Con- 
sistent with this notion, modulation of HSF-mediated gene 
regulation has an emerging pharmacologic potential, as small- 
molecule with the capability of activation or inhibition of HSFs, 
can exert important influence on aging, neurodegenerative pro- 
cesses and longevity mechanisms (Fujimoto etal., 2010; Zhang 
etal, 20II; Akerfelt etal, 2012; Westerheide etal., 2012). The 
regulatory domain of HSF has competence to sense heat shock, 
however, its induction is post-translationally controlled (Fuji- 
moto etal, 2010; Akerfelt etal, 2012; Westerheide etal, 2012). 
In normal non-stressed cellular conditions, HSFl is maintained 
inactive and in a monomeric state through interaction with Hsp90. 
Thus, pharmacological inhibition of Hsp90 results in a conversion 
of monomeric HSFl in a trimerized HSFl with DNA-binding 
competence (Calabrese etal., 2008c,i, 2009a,b,d). Trimerization, 
nuclear translocation and interaction with HSE in the DNA rapidly 
declines in cells soon after proteotoxic insult exposure, since 
HSFl binding to the promoter occurs within seconds, reach- 
ing in about 1 min saturation with the contribution of other 
components such as a ribonucleoprotein complex containing the 
eukaryotic elongation factor lA and a constitutive non-coding 
RNA, heat shock RNA-1 (HSR-1) endowed with heat-sensing 
capability (Calabrese et al, 2009c, 2010g,h). According to the most 
accredited model, in response to heat shock HSR- 1 undergoes con- 
formational changes facilitating HSFl trimerization. Under this 
transactivating conditions, HSFl is post-translationally modified 



through phosphorylation, sumoylation, and/or acetylation (Cal- 
abrese etal., 2010d, 2011). Increasing evidence suggests that 
phosphorylation and sumoylation of HSFl is a phenomenon 
occurring rapidly after heat shock, while acetylation occurs with 
a delayed kinetics in coincidence of the attenuation phase of 
the cycle of HSFl activation. In particular, acetylation of HSFl 
is a process regulated by the ratio of acetylation/deacetylation 
controlled by p300-CBP (CREB-binding protein) and by the 
NAD+ -dependent sirtuin, SIRTl. With respect to this, enhanced 
DNA-binding activity of HSFl ensues after increased expression 
and activity of SIRTl, whereas acetylation of HSFl consequent 
to down-regulation of SIRTl reduces DNA-binding activity with 
no effect on the trimerization process (Calabrese etal., 2010d). 
Increasing evidence indicates the involvement of SIRTl in caloric 
restriction and aging, as demonstrated in senescent cells where 
the age-dependent loss of SIRTl, associated to impairment in 
HSFl activity, correlate with attenuation of the HSR and dis- 
ruption of proteostatic mechanisms, thereby linking HSR to 
nutrition and aging (Calabrese etal., 2010e,f; Di Paola etal., 
2011). 

Keap1/Nrf2/ARE BIOLOGY AND THE HEME OXYGENASE 
PATHWAY OF STRESS TOLERANCE 

HSFl is a central regulator in the gene expression of Hsps, 
however, in addition to this mechanism controlling vitagenes coor- 
dination, a response protecting against various electrophQes and 
oxidants operates integrating cytoprotection as "phase 2 response," 
known also as "the electrophile counterattack response" (Zhang 
etal., 2011, 2014). Phase 2 response proteins include heme oxy- 
genase 1, thioredoxin, and thioredoxin reductase, all of which 
can be up-regulated by the transcription factor Nrf2 (nuclear 
erythroid 2-related factor 2), similarly to other cytoprotective 
proteins, including NAD(P)H:quinoneoxidoreductase 1 (NQOl), 
y-glutamylcysteine synthetase, glutathione reductase, glutathione 
transferases (GST), UDP-glucuronosyltransferase, epoxide hydro- 
lase, aldo-keto reductases, ferritin, and glutathione conjugate 
efflux pumps (Zhang etal, 2011, 2014). The elaborate network 
of Nrf2-dependent phase 2 response proteins enable eukaryotic 
cells to counteract the damaging effects associated to oxidants 
and electrophHes, agents primarily involved in the pathogenesis 
of neurodegenerative disorders, atherosclerosis, aging, and cancer 
(Zhang etal, 2011, 2014). A major factor operating in the con- 
trol of the expression of these proteins is the Keapl/Nrf2/ARE 
system. Activation of gene expression requires that Nrf2, a basic 
leucine zipper transcription factor, binds in the upstream regu- 
latory regions of these genes containing single or multiple copies 
of the anti-oxidant/electrophile response elements (ARE, EpRE). 
Nrf2 binding to the ARE occur in heterodimeric combinations 
with members of the small Maf family of transcription factors. 
Under normal conditions the pathway operates at basal levels 
controlled by a cytosolic protein with function of repressor, the 
Kelch-like ECH-associated protein 1 (Keapl). When Keapl is 
bound to Nrf2, the latter is presented, by binding to the E3 
ubiquitin ligase Cullin3-RING boxl (Cul3-Rbxl), to the ubiq- 
uitin system for proteasomal degradation. At least 10 distinct 
chemical classes of inducers of the Keapl/Nrf2/ARE pathway, are 
known and belong to: (i) Michael acceptors (olefins or acetylenes 
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conjugated to electron-withdrawing groups); (ii) isothiocyanates; 
(iii) oxidizable diphenols, quinones, and phenylenediamines; (iv) 
thiocarbamates; (v) trivalent arsenicals; (vi) dithiolethiones; (vii) 
hydroperoxides; (viii) vicinal dimercaptans; (ix) heavy metals; 
and (x) polyenes. All these members share the common prop- 
erty of presenting chemical reactivity toward sulfhydryl groups 
through oxido-reduction, aUcylation, or disulfide interchange 
mechanisms (Calabrese etal., 2010d, 2011; Zhang etal., 2011, 
2014). 

Heme oxygenase is a sensors of oxidative stress within cells 
modulating redox status and homeostasis. Heme oxygenase- 1, an 
Hsp32, protects against oxidative damage converting pro-oxidant 
heme into bUiverdin, free iron, and CO. With the interven- 
tion of the enzyme biliverdin reductase (BVR) biliverdin is then 
reduced by into BR, a linear anti-oxidant tetrapyrrole (Cal- 
abrese etal., 2010d). BR has been demonstrated efficiently buffer 
nitrosative stress, owing to its capability to bind and inactivate 
NO-derived RNS (Pennisi etal, 2011; Scapagnini etal, 2011). 
Two HO isoforms are known: an inducible isoform, HO-1 and 
HO-2 which is a constitutive enzyme (Calabrese and Maines, 
2006). These isoforms share only 43% homology being products 
of different genes. HO-1 and HO-2 present important differ- 
ences in cell and tissue regulation and distribution (Mancuso 
etal., 2006, 2008). Moreover, only in rat as third protein, HO-3 
has been found to be retrotransposomal product of the HO- 
2 gene (pseudogene). In spite of playing the same enzymatic 
role, HO-1 and HO-2 have different protective function in tis- 
sues. HO-1 induction occurs as early response to oxidative insult 
resulting rapid transformation of heme into CO and BR. On 
the contrary, constitutive HO-2, regulates heme homeostasis a 
function associated within a cell with the sensing of intracellu- 
lar levels of CO. HO-1, is induced in response to oxidative and 
nitrosative stress, heme, Ap, dopamine analogs, H2O2, hyper- 
oxia, UV light, heavy metals, prostaglandins, NO, peroxynitrite, 
Thl cytokines, oxidized lipid products, and lipopolysaccharide, 
as well as growth factors. In all these conditions, the ARE con- 
tained in its promoter region, is central to its redox regulation 
(Alam and Cook, 2007; Calabrese etal., 2012b), recognizing two 
upstream enhancers. El and E2 where multiple ARE elements 
are contained. Consistently, polymorphisms in the lengths of GT 
repeats (Calabrese etal., 2011; Pennisi etal., 2011; Scapagnini 
etal., 2011) within the ho-1 promoter is critical for the expres- 
sion and functions of HO-1 in humans. Higher HO-1 activity 
is associated with the short-GT polymorphisms, a conditions 
thought be protective against oxidant disorders (e.g., coronary 
artery disease, atherosclerosis-linked conditions), whereas long 
GT sequences, coding for a relatively unstable, Z-conformational 
DNA, exhibits reduced transcriptional activity, as well as basal 
and stimulated HO-1 protein levels, as found in various malig- 
nant conditions (Calabrese et al., 2010d). Overexpression of HO-1 
results in increased cGMP and bcl-2 levels in neurons, inactivation 
of p53, up-regulation of anti-oxidant proteins as well as ferritin 
which sequesters and inactivates free iron (Alam and Cook, 2007; 
Calabrese etal, 2012b). Although large consensus exists on the 
fact that increased HO-1 expression is a protective mechanism 
operating under oxidative stress conditions, however, there is evi- 
dence that HO-1 can be repressed during the same conditions. 



particularly during hypoxia. HO-1 repression under this con- 
dition is sustained by the heme-regulated transcription factors 
Bachl/Bach2 (Calabrese et al, 2010d, 2011) audit has been argued 
that this might be necessary to reduce the energy request due 
to heme degradation, to limit formation of CO and BR which 
can accumulate to toxic levels, and to increase heme avaUabU- 
ity for proper mitochondrial respiration (Calabrese etal., 2006c, 
2008g). Neurodegeneration as a chronic inflammatory oxida- 
tive condition caused by A^ metabolic disruption, makes HO-1 
an important target for therapeutic anti-inflammatory strategies. 
HO-1 mRNA and protein expression have been documented to 
be increased in AD brain, in association with neurofibrillary 
tangles. This finding may have the biological meaning of a pro- 
tective response in vulnerable neurons to transform pro-oxidant 
heme into BR and CO, whose anti-oxidant and anti-inflammatory 
nature has been ascertained. This opens new therapeutic avenue, 
as polyphenols contained in herbs and spices can represent poten- 
tial drugs for the prevention and treatment of AD (Scapagnini 
et al., 2006; Calabrese et al., 2007a, 2008b). Epidemiological studies 
have demonstrated that curcumin is responsible for the signifi- 
cantly reduced (4.4-fold) prevalence of AD in India, compared 
to United States (Calabrese etal, 2007b, 2008b; Mancuso etal, 
2007a), and curcumin given chronically in the diet to transgenic 
APPSw, a mouse model (Tg2576) of AD suppresses brain inflam- 
matory and oxidative damage, an effect associated to inhibition 
of nuclear factor-icB (NF-kB) and efficient prevention of neu- 
ronal cell death (Calabrese etal, 2009b,d, 2010d,h; Gupta etal, 
2011). 

HORMESIS 

Hormesis is a dose-response phenomenon, characterized by 
a low-dose stimulation and a high-dose inhibition. The term 
hormesis was first introduced into the scientific literature in 1943 
by Chester Southam and John Ehrlich, mycology researchers 
at the University of Idaho, who reported that low concen- 
trations of extracts from the Red Cedar tree enhanced the 
metabolism of a number of fungal species. The term horme- 
sis was derived from the Greek meaning to excite. Prior to the 
report of Southam and Ehrlich (1943), there was a substance 
history of reports in the biological literature on also demon- 
strating a similar biphasic dose response. It was first reported 
by Schulz who found that low concentrations of numerous dis- 
infectants stimulated metabolism at low concentrations while 
being inhibitory at higher concentrations (Schulz, 1887, 1888). 
The research of Schulz was confirmed by other investigators 
and extended to other biological models and agents, with par- 
ticular emphasis on bacteria, fungi, and plants over the next 
several decades. The phenomenon was initially referred to as 
the Arndt-Schulz Law and Hueppe's Rule, with these terms 
being subsequently replaced by the term hormesis. The occur- 
rence of hormetic dose responses from the time of Schulz up 
to approximately 1950 has been summarized in depth for both 
chemical and radiation induced hormesis (Calabrese and Baldwin, 
2000a,b,c,d,e). 

Despite the fact that the hormesis concept has considerable 
historical literature supporting its occurrence and reproducibility, 
it failed to gain traction within the biomedical community due 
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to the fact that Schulz inappropriately claimed that he had dis- 
covered the explanatory principle of homeopathy, based on his 
biphasic dose response with yeast (Calabrese, 2005). This procla- 
mation led to strong disputes with medically oriented researchers 
principally due to the long and intense conflict between home- 
opathy and traditional medicine. In fact, a considerable effort 
by leading pharmacologists of the Schulz era, such as Alfred 
J. Clark, devoted considerable effort to criticize Schulz and his 
biphasic dose response and to try to link it with high dilution 
homeopathy, in an effort to marginalize and discredit homeopa- 
thy (Calabrese, 2011). In addition to such historical antipathies, 
the concept of hormesis was also difficult to prove scientifically 
as it required a substantial number of doses, especially in the 
low dose zone, reasonably high statistical power, and biologi- 
cal model systems with generally low variability and the strong 
capacity for replication of findings. These factors are important 
since the low dose stimulation is modest, with most maximum 
stimulatory responses only being about 30-60% greater than the 
unexposed control group (Figure 2). Thus, trying to test hormetic 
hypotheses requires far more rigorous study designs and more 
resources than was usually the case in hazard assessment type 
investigations. 

As a result of the historical conflicts between homeopathy 
and traditional medicine and the inherent challenges in testing 
hormetic hypotheses, the concept of hormesis never became well 
established as a scientific concept in throughout most of the 
twentieth century (Calabrese, 2008d). However, since the late 
1970s there has been a multi-disciplinary-based resurgence of 
the hormesis concept, based largely on technical improvements 
in the capacity to measure at lower concentrations, advances in in 



vitro and high throughput research which has facilitated the capac- 
ity to test a wide range of concentrations in an efficient manner, 
the development of mechanistic understandings of biphasic dose 
responses especially at the receptor and cell signaling pathways lev- 
els and the dose response and mechanistic linkage of developments 
in the area of adaptive responses, including that of preconditioning 
with hormesis (Calabrese, 2010). 

Within recent years substantial hormetic dose response data 
bases have been developed based on rigorous a priori entry and 
evaluative criteria providing documentation for the hormetic dose 
responses (Calabrese and Blain, 2005, 2009, 201 1 ). These databases 
provide strong evidence that hormetic dose responses are inde- 
pendent of biological model, endpoint measured, the chemical 
class of the inducing agent, the level of biological organization 
(i.e., cell, organ, organism) and mechanism (Calabrese, 2013d). 
These databases have confirmed and far more firmly established 
the quantitative features of the hormetic dose response, reveal- 
ing that it represents a modest stimulation, usually less than twice 
the value of the control group. It has also been established that 
the hormetic dose response is typically reported for highly inte- 
grated endpoints, especially those relating to cell proliferation, 
complex behaviors, adaptive/preconditioning responses, repro- 
ductive endpoints such as fecundity, cancer, mutation, cancer 
endpoints, and longevity/aging. Detailed evaluations of the phar- 
maceutical literature have also revealed that entire drug classes 
are based up the hormetic dose responses. For example, preclin- 
ical studies in the areas of anxiolytic drugs (Calabrese, 2008b), 
anti-seizure drugs (Calabrese, 2008e), memory enhancing agents 
(Calabrese, 2008a), drugs treating osteoporosis (Calabrese, 2008c), 
and others typically demonstrate hormetic dose responses. Since 



Maximum response 
{averages 130-160% of control) 




Increasing Dose 



FIGURE 2 I The hormesis (biphasic) dose-response curve: generalized 
quantitative features. The hormetic dose response is characterized by 
specific quantitative features concerning its amplitude and width. Based on 
more than 10,000 hormetic dose responses in various hormetic databases, 
approximately 80% have their maximum response less than twofold 
greater than the control. The strong majority of hormetic dose responses 
extend over approximately a 5- to 10-fold dose range immediately below 
the estimated response threshold. The hormetic dose response may occur 
either as a result of a direct stimulation or as an overcompensation 



response following an initial disruption in homeostasis, in both cases being 
the quantitative features similar. The hormetic response appears to 
quantitatively describe the limits of biological plasticity across phyla as well 
as at different levels of biological organization (cell, organ, and organism). 
The quantitative features of the hormetic dose response are also 
independent of mechanism. Pharmaceutical treatments for a wide range of 
human conditions are based upon the hormetic biphasic dose response as 
discovered within preclinical evaluations and then directly applied to human 
populations. 
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it is now believed that the modest hermetic stimulation is a mea- 
sure of biological plasticity it suggests that the hermetic dose 
responses describes the degree to which pharmaceutical agents can 
enhance biological performance (Calabrese and Mattson, 2011; 
Calabrese, 2013a). It is important to note that during the entire 
twentieth century the biomedical and regulatory communities 
never validated the capacity of the threshold dose response to 
make accurate predictions below the threshold, that is, the area 
of the dose response where most people spend the majority of 
their time. This lead to a series of direct, head-to-head compar- 
isons between the threshold, linear and hermetic dose response 
models using multiple large and independent dose response data 
sets with multiple models, endpoints and agents (Calabrese and 
Baldwin, 2001, 2003; Calabrese etal., 2006a, 2008a, 2010a). In 
each of these assessments, the hormetic dose response signif- 
icantly out-performed the threshold and linear dose response 
models. 

Major comprehensive evaluations of the biomedical litera- 
ture have revealed that hormesis dose responses are commonly 
reported in essentially all areas of research including the immune 
system, tumor cell biology, neuroscience, including memory, 
stress, anxiety, seizure, pain, numerous degenerative diseases, 
wound healing and for a very broad range of receptor systems 
and peptides (Calabrese, 2013b). The applications of the hormesis 
dose response are therefore extensive, affecting drug discovery, 
drug development, and the design of the clinical trial. Fur- 
thermore, even areas such as preconditioning are based on the 
hormetic concept (Calabrese etal., 2010b,c, 2012a, 2013; Cal- 
abrese and Calabrese, 2013a,b; Krenz etal., 2013). This may be 
seen in numerous studies which have assessed a wide range of 
graded preconditioning doses with results being reflective of the 
biphasic-hormetic dose response. The historical assessment of the 
dose response has revealed that the dose response model that 
was once rejected by the biomedical community about a cen- 
tury ago is now the dose response model that has repeatedly 
outcompeted the traditional doses responses models in direct 
comparisons. It is the dose response model that has provided 
quantitative insight into the magnitude of biological plasticity 
and the theoretical basis for it. The hormetic dose response 
thus underlines the basis of pharmaceutical strategies aimed at 
enhancing biological performances in a broad range of scientific 
areas. 

BONE REMODELING, REDOX STATE, AND A^ METABOLISM 

Osteoporosis is a devastating disease having enormous health and 
economic impacts, particularly considering the global shift toward 
an aging population, characterized by a systemic and progressive 
skeletal pathology characterized by compromised bone mineral 
density and strength with the increased occurrence of fractures. 
Despite rapid progress in our understanding over recent years, 
patient morbidity and mortality resulting from this disease are still 
too high (Ono et al., 2014), and there is an urgent need for a proper 
assessment of the underlying mechanisms and the development of 
new treatment strategies to address this pathophysiological issue. 
Patients with AD show significantly increased risk of osteoporotic 
hip fractures. However, whether abnormal Ap peptide (AP) depo- 
sition also occurs in osteoporosis and the relationship between 



Ap and human osteoporosis remains an open, not elucidated, 
question (Li etal., 2014). 

Amyloid-P peptide, one of the pathological hallmarks of AD, is 
a small (40-42 amino acids) proteolytic fragment of a glycosylated 
integral membrane cell surface receptor protein called APP and is 
encoded by a gene on human chromosome 21 (Liu and Chan, 
2014; Richard and Brayne, 2014). Ap has attracted much attention 
for its association with various pathologies (Stefanova et al, 2014). 
Besides AD, Ap plays a crucial role in other important neurode- 
generative diseases, such as Huntington's, Parkinson's, and prion 
disorders, as well as amyotrophic lateral sclerosis as well as type 
2 diabetes and the most common age-related muscle disease of 
inclusion body myositis (Toth etal, 2014). Thus, APP/Ap seems 
to be associated with multiple degenerative disorders. Epidemio- 
logical studies showed that patients with AD had an increased risk 
of developing osteoporotic hip fractures even after considering the 
increased frequency of fallings in AD patients (Xia etal., 2013), 
suggesting one or more common denominators between both 
disorders. Nevertheless, an association between Ap and human 
osteoporosis has not yet been clearly established, and also it has 
been inferred that Ap may be of physiological importance for sur- 
vival of cells (Li et al., 2014). Excessive Ap aggregates and fibrillates 
to form amyloid plaques in the brain, thus leading to the exacer- 
bation of AD pathology. Previous studies have identified a role for 
Ap in the activation of osteoclasts through gene knockout exper- 
iments and use of the transgenic AD mouse model, Tg2576 (Li 
etal., 2014). However, whether a large amount of Ap deposits 
also occur in osteoporotic bone tissues and the role human Ap 
may play on OC activation remain unclear. In addition to having 
an activation effect on osteoclasts, Ap may accumulate abnor- 
mally in osteoporotic bone and play an important pathogenic 
role. A close relationship between Ap and osteoporosis is shown 
across species from rodent to human, as demonstrated in differ- 
ent clinical conditions in patient samples as well as in various 
animal model and cell cultures. AD and osteoporotic hip frac- 
tures often coexist during aging. Platelets have been shown to be 
the primary source (90%) of Ap in human blood with plasma 
Ap levels fluctuating over time among individuals (Roher etal., 
2009). Besides human plasma and cerebrospinal fluid, soluble 
Ap is also a component of human urine in Alzheimer's. Despite 
this level of knowledge surrounding APP and Ap expression in 
many tissues, reports on the expression and distribution of Ap 
in bone tissues and osteocytes remain an emerging evidence. Ap 
deposition has been found on the endosteal and periosteal sur- 
faces of adult rat ulnae (Li etal., 2014). Notably, occurrence of 
Ap and APP abnormal accumulation in different tissues supports 
the hypothesis that Ap diseases may be a systemic disease, sug- 
gesting that these malfolded proteins may either be produced 
locally in diverse organs or may originate from a common cir- 
culating precursor. Consistent with this notion, abnormal Ap 
and APP burden has been detected in osteoporotic bone tissues 
from both human and rat OVX models, where Ap42 was iden- 
tified mainly in the membrane and cytoplasm of osteocytes and 
extracellular matrix, while APP largely found in the membrane 
of osteocytes. Despite increasing research efforts, still the mech- 
anism underlying the accumulation of Ap and APP in osteocytes 
in osteoporotic bones remains elusive. One possible source for 
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Ap deposition in bone may be blood, where Ap increases dur- 
ing senescence (Li etal., 2014). In addition to this, secretion of 
Ap by mature osteoblasts has been documented, in agreement 
with the finding of Ap42 and APP formation in osteoblasts from 
both human and OVX rats osteoporotic bone. In these condi- 
tions, APP has been found to be able of suppressing osteoblast 
differentiation, associated with osteoporotic alterations (Xia et al., 

2013) . Given that osteoblast is the precursor of the osteocyte, 
it is conceivable that the deposition of and APP in osteo- 
cytes can be consequence of secretion by osteoblasts during both 
osteogenic differentiation and aging processes. In turn, accumu- 
lating Afi may promote apoptotic process in osteocytes, likewise in 
neurons thus determining bone loss and osteoporosis (Cui et al., 
2011). An interesting and controversial question concerns why 
the abundant presence of proteins of Ap abnormal metabolism in 
the bone of osteoporotic patients did not cause them to develop 
brain degeneration, such as AD. A number of explanations may 
exist to provide a possible rationale. First, bone is a very special 
organ, with limited blood supply, with most of the osteocytes 
embedded in the matrix without direct contact with blood. In 
these conditions, release of into the blood stream is not an 
easy process. Second, the blood-brain-barrier (BBB) permeability 
can be of extreme importance for the prevention of Ap invasion 
into the brain tissues, as uptake of peripheral Ap by the brain is 
not a normal occurrence without BBB compromission (lefferies 
etal., 2013). Lastly, both osteoporosis and AD are multifactorial 
diseases with complex etiology and pathogenesis (Rachner et al., 
2011). Ap deposits are present in several tissues, which indicates 
that the protein may originate as product of local metabolism in 
various organs or, similarly to other amyloidoses, can derive from 
a circulating precursor common to all these pathophysiological 
conditions. However, further studies are necessary to explore these 
dynamics and understand the underlying mechanisms. Abnormal 
Ap deposition in osteoporotic bone tissues and its potent enhance- 
ment effect on osteoclast differentiation and activation, is already 
clearly demonstrated suggesting an important role for Ap in the 
pathogenesis of osteoporosis (Li et al., 2014). This is of great clin- 
ical significance for providing novel insights into the tight link 
between Ap and human osteoporosis, thus revealing a potential 
mechanism underlying altered bone mineral density by Ap abnor- 
mal metabolism. Clearly, however, further work is required to 
elucidate the exact mechanisms through which Ap regulates osteo- 
porosis signaling. These research efforts may eventually lead to a 
promising future discovery of a new etiology for osteoporosis, 
and prompt healthcare professionals and researchers to develop 
innovative anti-bone-resorptive therapeutic agents and strategies, 
particularly those designed by targeting Ap, to efficiently mini- 
mize deleterious consequences associated with bone homeostasis 
disruption. In line with these evidence, since a biomarker is a trace- 
able substance indicating changes in expression or metabolism 
of a given protein which correlates with the risk or progression 
of a disease, as consequence, Ap may be a novel and promising 
candidate biomarker for drug targeting and characterization of 
osteoporotic therapeutic approaches in the future (Osorio etal., 

2014) . 

Bone tissue undergoes, throughout life, a continuous renewal 
through a process called bone remodeling, which is controlled 



by the activity of osteoclasts mediating bone resorption and 
parallel activity of osteoblasts which mediate bone formation 
(Vacek etal., 2013). Any disturbance in the balanced formation 
and resorption process, which can be linked to hormone dis- 
equilibrium or aging decreases bone mass and result in bone 
pathologies, such as osteoporosis leading to increased vulnerability 
to fractures. Within this context, the receptor activator of NF-kB 
ligand (RANKL) appears to be an important factor underlying 
osteoporosis pathogenesis for its critical role played in osteoclast 
differentiation and activation (Park etal, 2014). For this reason, 
inhibition of RANKL represents an innovative therapeutic tar- 
get for controlling osteoclastogenesis (Park etal., 2011). Notably, 
an important role in bone remodeling is played by alternative 
or non-canonical NF-kB pathway, which mediates activation of 
the p52/RelB NF-kB complex, thus regulating various biologi- 
cal processes. This pathway differently from IkBm degradation in 
the canonical mechanism, consists of processing of plOO a NF- 
kB2 precursor protein,. In this context a central role is played by 
NF-KB-inducing kinase (NIK), a component of the non-canonical 
NF-kB pathway and a downstream kinase, IKKa (inhibitor of NF- 
kB kinase) which operate with integrated functions promoting 
induction of phosphorylation-dependent ubiquitination of plOO. 
Under normal conditions, NIK is processed by a tumor necro- 
sis factor (TNF) receptor-associated factor-3 (TRAF3)-dependent 
E3 ubiquitin ligase. After signals mediated by a subset of TNF 
receptor superfamily members, TRAF3 is degradated and NIK 
is stabilized leading to non-canonical activation of NF-kB (Sun, 
2012; Figure 3). Accordingly, the inhibitory role of plOO, in 
both basal and stimulated osteoclastogenesis in bone formation 
as well as resorption has been clearly demonstrated (Soysa etal., 
2010). In the alternative NF-kB pathway p52 derived from plOO 
through NIK, binding of p52 and RelB induces effects on osteo- 
clast biology (Soysa etal, 2010). However, to date, the precise 
physiologic importance of alternative NF-kB in bone biology, is 
not completely elucidated. Furthermore, the currently known 
intracellular signaling pathways activated after receptor binding of 
RANKL include the nuclear factor of activated T cells (Piva et al., 
2009), mitogen-activated protein kinases (MAPKs), TRAFs, c-Jun 
N-terminal kinases (JNKs), and ROS (Kaunitz and Yamaguchi, 
2008; Kanzaki etal, 2013). In addition, NF-kB is a transcription 
factor, which pleiotropically regulate osteoclast formation, func- 
tion, and survival (Piva etal, 2009). Deletion of both NF-kB p50 
and p52 subunits is associated to osteopetrosis as consequence 
of osteoclast absence and, in addition, NF-kB is central for the 
differentiation of RANK-expressing osteoclasts into osteoclasts 
TRAP+ induced by osteoclastogenic cytokines. This explain the 
inhibitory effect on osteoclast formation induced by prevention 
of NF-kB activation (Piva etal., 2009; Augustine and Horwitz, 
2013). 

Reactive oxygen species act as intracellular signaling molecules 
involved in the regulation of RANKL-dependent osteoclast differ- 
entiation, but they also have cytotoxic effects that include peroxi- 
dation of lipids and oxidative damage to proteins and DNA. Taking 
into account the relationship between Nrf2 and osteoclastogenesis, 
stimulation of osteoclast precursors (mouse primary peritoneal 
macrophages and RAW 264.7 cells) with RANKL results in the up- 
regulation of Keapl, a negative regulator of Nrf2, with decreased 
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FIGURE 3 I Canonical and non-canonical pathway leading to the 
activation of NF-kB. TRAF3 inhibits activation of tine classical NFkB 
pathway A high level of TRAF3 interferes with the recruitment of TRAF2 
to the receptor. In parallel, TRAF3 induces NIK degradation and 
consequently inhibits the activation of the alternative arm of NFkB. The 
activation of canonical pathway results in the phosphorylation of kBaa by 
the IKK complex, leading to its ubiquitylation and subsequent degradation 
by the proteasome. The RelA/p50 complex is free to translocate to the 



Transcription 



nucleus to activate the transcription of target genes. The non-canonical 
pathway results in the NIK stabilization. In response to receptor 
crosslinking, TRAFs and clAP1/2 are recruited to the receptor, where 
clAPl/2 ubiquitinates TRAF2 and TRAFS and stimulates their degradation. 
Accumulated NIK activates IKKa, which in turn phosphorylates plOO, 
leading to plOO processing to p52, which can lead to the activation of 
p52-RelB that target distinct kB element and induce the transcription of 
target genes. 



Nrf2/Keap 1 ratio, and down-regulation of cytoprotective enzymes, 
such as heme oxygenase- 1 and y-glutamylcysteine synthetase 
(Kanzaki etal., 2013). On the other hand, Nrf2 overexpres- 
sion results in up-regulation of the expression of q^toprotective 
enzymes, associated with decrease in ROS levels, tartrate-resistant 
acid phosphatase-positive multinucleated cell number, as well as 
osteoclast differentiation, and attenuation of bone destruction, 
as found both in vitro and in vivo models (Kanzaki etal., 2013). 
Consistent with this line of evidence, overexpression of Keapl 
or RNAi-induced knock-down of Nrf2 resulted in effects oppo- 
site to those obtained by stimulation of Nrf2 -dependent DNA 
binding activity (Kanzaki etal., 2013). The precise mechanisms 
by which stimulation with RANKL reduces Nrf2 is not currently 
known. It is known Keapl has highly reactive thiol groups in its 
structure and that oxidation of this domain leads to significant 
changes in the conformation of Keapl, resulting in dissocia- 
tion from Nrf2 and stimulation of nuclear Nrf2-dependent DNA 
binding activity (Kanzaki etal, 2013). In addition, Nrf2 (see pre- 
vious section) autoregulates its own expression (Calabrese etal., 
2010d; Zhang etal, 2011, 2014). Taken together, this evidence 
implies that an increase in ROS levels induced by stimulation 



with RANKL may up-regulate Nrf2. It has also been reported 
that Nrf2 regulates Keapl by controlling its transcription (Cal- 
abrese etal., 2010d; Zhang etal., 2014). Change of stability of 
Nrf2 mRNA or decrease of translation by miRNA can modu- 
late RANKL-dependent Nrf2 down-regulation. Also, Bachl, an 
inhibitor of Nrf2 binding to the ARE, could participate to this 
mechanism, as indicated by attenuated osteoclastogenesis found in 
Bachl knock-out mice (Kanzaki etal., 2013). However, although 
extensive investigations will be required to clarify the exact reg- 
ulatory mechanisms linking Nrf2 to stimulation with RANKL, 
it is clearly proven that Keapl /Nrf2 axis regulates RANKL- 
dependent osteoclastogenesis through redox-modulation of intra- 
cellular ROS signaling and expression of cytoprotective enzymes. 
This raises the exciting possibility that the Keapl-Nrf2 axis may 
be a therapeutic target for the treatment of bone destructive 
disease. 

CONCLUSION 

Comprehensive evaluation of the biomedical literature has pin- 
pointed the role of hermetic dose responses as reported in 
essentially all areas of research, including the immune system. 
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tumor cell biology, neuroscience, drugs treating osteoporosis, 
as well as wound healing and a broad range of receptor sys- 
tems and peptides (Calabrese, 2008c, 2013b). Applications of 
the hormesis dose response are therefore extensive, affecting 
drug discovery, drug development, and the design of the clini- 
cal trial. It is now conceivably expected that the hormetic concept 
is at the core of attempts leading to enhanced development of 
biological shields via processes such as preconditioning which 
can help to improve the quality normal living, the aging pro- 
cess and to reduce the impact of various types of degenerative 
diseases. AD is a chronically progressive disorder, in which neu- 
rodegenerative damage progresses for many years before clinical 
onset (Calabrese etal., 2006d; Liu and Chan, 2014; Richard and 
Brayne, 2014). Osteoporosis is a progressive degenerative disor- 
der, also recognizing a multifactorial origin that is characterized 
by bone deterioration resulting in fragility and fractures. The 
medical and social and economic effects of osteoporosis, given 
the increasingly aging population, in particular osteoporosis of 
postmenopausal nature, wQl growth drastically. A better knowl- 
edge of bone biology with particular regard to the functional 
relationship between bone-formation by osteoblast activity and 
bone-resorption by osteoclasts with a better definition of the 
underlying signaling network has unraveled novel therapeutic 
targets. Osteoporosis and hip fracture are commonly observed 
complications seen in patients with AD. Although the mech- 
anisms underlying this association remain poorly understood, 
emerging evidence supports the view that AD risk genes may 
also be a risk factor for osteoporosis, and that AD and osteo- 
porosis may share conserved oxidative stress-driven pathogenic 
mechanisms. Consistent with this notion, using transgenic mice 
expressing an AD-associated mutant form of APP, known as APP- 
swe, to explore the effects of mutant APP on bone remodeling, 
significant defects in bone formation associated with reduced dif- 
ferentiation of bone marrow stromal cells into osteoblasts in ex 
vivo culture experiments, were found in these mice compared with 
wild-type controls. Treatment with N-acetylcysteine ameliorated 
the impact of APPswe on bone marrow stromal cell differen- 
tiation, and increased bone volume in these transgenic mice 
(Woodman, 2013). Thus, ROS may be a conserved mechanism 
underlying APPswe-induced neurodegenerative and osteoporotic 
pathological alterations. Bone remodeling is a process of con- 
tinuous formation and resorption occurring in specific areas of 
the matrix. Novel therapeutic strategies have been developed 
focused on the inhibition of excessive bone resorption and pro- 
motion of bone formation process. Due to novel drugs available, 
using the most recent knowledge of bone-cell biology, we have 
increased our therapeutic intervention to osteoporotic patients 
with more individualized lines of treatment. Accordingly, basic 
research can greatly contribute to the identification of specific 
pathways that can be effectively targeted by novel compounds able 
to treat and possibly reverse osteoporosis, particularly that occur in 
already chronically severed patients, such as in neurodegenerative 
disorders. 

REFERENCES 

Abdul, H. M., Calabrese, V., Calvani, M., and Butterfield, D. A. (2006). Acetyl-L- 
carnitine-induced up-regulation of heat shock proteins protects cortical neurons 



against amyloid-beta peptide 1-42-mediated oxidative stress and neurotoxic- 
ity: implications for Alzheimer's disease. /. Neurosci. Res. 84, 398-408. doi: 
10.1002/jnr.20877 

Abramov, E., Dolev, I., Fogel, H., Ciccotosto, G. D., Ruff, E., and Slutsky, 
I. (2009). Amyloid-beta as a positive endogenous regulator of release proba- 
bility at hippocampal synapses. Nat. Neurosci. 12, 1567-1576. doi: 10.1038/ 
nn.2433 

Akerfelt, M., Vihervaara, A. A., Laiho, A., Center, A., Christians, E. S., Sis- 
tonen, L., etal. (2012). Heat shock transcription factor 1 localizes to sex 
chromatin during meiotic repression. /. Biol. Chem. 285, 34469-34476. doi: 
10.1074/jbc.M110.157552 

Alam, J., and Cook, J. L. (2007). How many transcription factors does it take to turn 
on the heme oxygenase-1 gene? Am. J. Respir. Cell Mol. Biol 36, 166-174. doi: 
10. 1 165/rcmb.2006-0340TR 

Augustine, M., and Horwitz, M. J. (2013). Parathyroid hormone and parathyroid 
hormone-related protein analogs as therapies for osteoporosis. Curr. Osteoporos. 
Rep. 11,400^06. doi: 10.1007/sl 1914-013-0171-2 

Begum, A. N., Jones, M. R., Lim, G. R, Morihara, T., Kim, R, Heath, D. D., etal. 
(2008). Curcumin structure-function, bioavailability, and efficacy in models of 
neuroinflammation and Alzheimer's disease. /. Pharmacol. Exp. Ther. 326, 196- 
208. doi: 10.1124/jpet.l08. 137455 

BeUia, E, Calabrese, V., Guarino, E., Cavallaro, M., Cornelius, C, De Pinto, V., 
etal. (2009). Carnosinase levels in aging brain: redox state induction and cellu- 
lar stress response. Antioxid. Redox Signal 11, 2759-2775. doi: 10.1089/ars.20 
09.2738 

BeUia, E, Vecchio, G., Cuzzocrea, S., Calabrese, V., and Rizzarelli, E. (2011). Neu- 
roprotective features of carnosine in oxidative driven diseases. Mol Aspects Med. 
32, 258-266 doi: 10.1016/j.mam.201 1.10.009 

Borger, E., Aitken, L., Du, H., Zhang, W., Gunn-Moore, E J., and Yan, S. S. (2013). 
Is amyloid binding alcohol dehydrogenase a drug target for treating Alzheimer's 
disease? Curr Alzheimer Res. 10, 21-29. 

Bukanova, J. V., Sharonova, I. N., and Skrebitsky, V. G. (2014). Amyloid fi peptide 
(25-35) in picomolar concentrations modulates the function of glycine receptors 
in rat hippocampal pyramidal neurons through interaction with extracellular 
site(s). Brain Res. 1558, 1-10. doi: 10.1016/j.brainres.2014.02.031 

Calabrese, E. J. (2005). Historical blunders: how toxicology got the dose-response 
relationship half right. Cell Mol. Biol 51, 643-654. 

Calabrese, E. J. (2008a). Alzheimer's disease drugs: an application of the 
hormetic dose-response model. Crit. Rev. Toxicol 38, 419-451. doi: 
10.1080/10408440802003991 

Calabrese, E. J. (2008b). An assessment of anxiolytic drug screening tests: 
hormetic dose responses predominate. Crit Rev. Toxicol. 38, 489-542. doi: 
10.1080/10408440802014238 

Calabrese, E. J. (2008c). Hormesis and medicine. Br J. Clin. Pharmacol. 66, 594-617. 
doi: 10.11 1 l/j.l365-2125.2008.03243.x 

Calabrese, E. J. (2008d). Hormesis: why it is important to toxicology and 
toxicologists. Environ. Toxicol Chem. 27, 1451-1474. doi: 10.1897/07-541.1 

Calabrese, E. J. (2008e). Modulation of the epileptic seizure threshold: impli- 
cations of biphasic dose responses. Crit Rev. Toxicol 38, 543-556. doi: 
10.1080/10408440802014261 

Calabrese, E. J. (2010). Hormesis is central to toxicology, pharmacology and risk 
assessment. Hum. Exp. Toxicol 29, 249-261. doi: 10.1177/0960327109363973 

Calabrese, E. J. (201 1). Toxicology rewrites its history and rethinks its fiature: giving 
equal focus to both harmful and beneficial effects. Environ. Toxicol. Chem. 30, 
2658-2673. doi: 10.1002/etc.687 

Calabrese, E. J. (2013a). Biphasic dose responses in biology, toxicology and medicine: 
accounting for their generalizability and quantitative features. Environ. Pollut. 
182,452-460. doi: 10.1016/j.envpol.2013.07.046 

Calabrese, E. J. (2013b). Historical foundations of wound healing and its potential 
for acceleration: dose-response considerations. Wound Repair Regen. 21, 180- 
193. doi: 10.1111/j.l524-475X.2012.00842.x 

Calabrese, E. J. {2013c). Hormesis: toxicological foundations and role in aging 
research. Exp Gerontol. 48, 99-102. doi: 10.1016/j.exger.2012.02.004 

Calabrese, E. J. {2013d). Hormetic mechanisms. Crit Rev. Toxicol 43, 580-606. doi: 
10.3109/10408444.2013.808172 

Calabrese, E. J., and Baldwin, L. A. (2000a). Chemical hormesis: its histori- 
cal foundations as a biological hypothesis. Hum. Exp. Toxicol 19, 2-31. doi: 
10.1191/096032700678815585 



Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery 



June 2014 | Volume 5 | Article 120 | 10 



Cornelius eta 



Stress response in Alztieinier and osteoporosis 



Calabrese, E. J., and Baldwin, L. A. (2000b). Radiation hormesis: its histori- 
cal foundations as a biological hypothesis. Hum. Exp. Toxicol. 19, 41-75. doi: 

10.11 9 1/0960327006788 1 5602 
Calabrese, E. J., and Baldwin, L. A. (2000c). Radiation hormesis: the 

demise of a legitimate hypothesis. Hum. Exp. Toxicol. 19, 76-84. doi: 

10.1191/096032700678815611 
Calabrese, E. J., and Baldwin, L. A. (2000d). Tale of two similar hypotheses: the rise 

and fall of chemical and radiation hormesis. Hum. Exp. Toxicol. 19, 85-97. doi: 

10.1191/096032700678815620 
Calabrese, E. J., and Baldwin, L. A. (2000e). The marginalization of hormesis. Hum. 

Exp Toxicol. 19, 32-40. doi: 10.1191/096032700678815594 
Calabrese, E. J., and Baldwin, L. A. (2001). The frequency of U-shaped dose 

responses in the toxicological literature. Toxicol. Sci. 62, 330-338. doi: 

10.1093/toxsci/62.2.330 
Calabrese, E. J., and Baldwin, L. A. (2003). The hormetic dose-response model is 

more common than the threshold model in toxicology. Toxicol. Sci. 71, 246-250. 

doi: 10.1093/toxsci/71.2.246 
Calabrese, E. J., and Blain, R. B. (2005). The occurrence of hormetic dose responses 

in the toxicological literature, the hormesis database: an overview. Toxicol. Appl. 

Pharmacol. 202, 289-301. doi: 10.1016/j.taap.2004.06.023 
Calabrese, E. J., and Blain, R. B. (2009). Hormesis and plant biology. Environ. Pollut. 

157, 42-48. doi: 10.1016/j.envpol.2008.07.028 
Calabrese, E. J., and Blain, R. B. (2011). The hormesis database: ihe occurrence of 

hormetic dose responses in the toxicological literature. Regul. Toxicol Pharmacol 

61, 73-81. doi: 10.1016/j.yrtph.2011.06.003 
Calabrese, E. J., and Calabrese, V. (2013a). Low dose radiation therapy (LD-RT) is 

effective in the treatment of arthritis: animal model findings. Int. J. Radiat. Biol 

89, 287-294. doi: 10.3109/09553002.2013.752595 
Calabrese, E. J., and Calabrese, V. (2013b). Reduction of arthritic symptoms by 

low dose radiation therapy (LD-RT) is associated with an anti-inflammatory 

phenotype. Int. }. Radiat. Biol 89, 278-286. doi: 10.3109/09553002.2013. 

752594 

Calabrese, E. J., and Dhawan, G. (2013). How radiotherapy was historically used to 
treat pneumonia: could it be useful today? Yale J. Biol Med. 86, 555-570. 

Calabrese, E. J., Hof&nann, G. R., Stanek E. J. Ill, and Nascarella, M. A. (2010a). 
Hormesis in high-throughput screening of antibacterial compounds in E. coU. 
Hum. Exp. Toxicol 29, 667-677. doi: 10.1177/0960327109358917 

Calabrese, E. J., Mattson, M. R, and Calabrese, V. (2010b). Dose response 
biology: the case of resveratrol. Hum. Exp. Toxicol 29, 1034—1037. doi: 
10.1177/0960327110383641 

Calabrese, E. ]., Mattson, M. R, and Calabrese, V. (2010c). Resveratrol commonly 
displays hormesis: occurrence and biomedical significance. Hum. Exp. Toxicol 
29, 980-1015. doi: 10.1177/0960327110383625 

Calabrese, v., Cornelius, C, Dinkova-Kostova, A. T, Calabrese, E. J., and Mattson, M. 
P. (2010d). Cellular stress responses, the hormesis paradigm and vitagenes: novel 
targets for therapeutic intervention in neurodegenerative disorders. Antioxid. 
RedoxSignal 13, 1763-1811. doi: 10.1089/ars.2009.3074 

Calabrese, V., Cornelius, C, Giuffrida, A. M., and Calabrese, E. J. (2010e). Cellular 
stress responses, mitostress and carnitine insufficiencies as critical determi- 
nants in aging and neurodegenerative disorders: role of hormesis and vitagenes. 
Neurochem. Res. 35, 1880-1915. doi: 10.1007/sll064-010-0307-z 

Calabrese, V., Cornelius, C, Maiolino, L., Luca, M., Chiaramonte, R., Toscano, M. 
A., etal. (2010f). Oxidative stress, redox homeostasis and celliJar stress response 
in Meniere's disease: role of vitagenes. Neurochem. Res. 35, 2208-2217. doi: 
10. 1007/sl 1064-010-0304-2 

Calabrese, V., Cornehus, C, Mancuso, C, Lentile, R., SteUa, A. M., and 
Butterfield, D. A. (2010g). Redox homeostasis and cellular stress response 
in aging and neurodegeneration. Methods Mol Biol 610, 285-308. doi: 
10.1007/978-l-60327-029-8_17 

Calabrese, V., Cornelius, C, Trovato, A., Cambria, M. T, Lo Cascio, M. S., Di 
Rienzo, L., etal. (201 Oh). The hormetic roleof dietary antioxidants in free radical- 
related diseases. Curr. Pharm. Des. 16, 8778-8783. doi: 10.2174/1381612107908 
83615 

Calabrese, E. J., lavicoli, I., and Calabrese, V. (2012a). Hormesis: why it is impor- 
tant to biogerontologists. Biogerontology 13, 215-235. doi: 10.1007/sl0522-012- 

9374-7 

Calabrese, V., Cornelius, C, Dinkova-Kostova, A. T., lavicoli, I., Di Paola, R., 
Koverech, A., etal. (2012b). Cellular stress responses, hormetic phytochemicals 



and vitagenes in aging and longevity. Biochim. Biophys. Acta 1822, 753-783. doi: 
10.1016/j.bbadis.2011. 11.002 
Calabrese, E. J., lavicoli, I., and Calabrese, V. (2013). Hormesis: its 
impact on medicine and health. Hum. Exp. Toxicol 32, 120-152. doi: 

10.1177/0960327112455069 

Calabrese, E. J., and Mattson, M. R (2011). Hormesis provides a generalized quan- 
titative estimate of biological plasticity. /. Cell Commun. Signal 5, 25-38. doi: 
10.1007/S12079-011-0119-1 

Calabrese, E. J., Stanek, E. J. Ill, Nascarella, M. A., and Hoffmann, G. R. (2008a). 
Hormesis predicts low-dose responses better than threshold model. Int. J. Toxicol 
27, 369-378. doi: 10.1080/10915810802503735 

Calabrese, V., Bates, T. E., Mancuso, C, Cornelius, C, Venttmiglia, B., Cambria, 
M. T., etal. (2008b). Curcumin and the cellular stress response in fi-ee radical- 
related diseases. Mol Nutr. Food Res. 52, 1062-1073. doi: 10.1002/mnfi-.2007 
00316 

Calabrese, V., Butterfield, D. A., and Stella, A. M. (2008c). "Aging and oxidative stress 
response in the CNS," in Development and Aging Changes in the Nervous System. 
Handbook of Neurochemistry and Molecular Neurobiology, 3rd Edn, eds L. Abel, 
R-R J. Regino, and R. Steffen (New York: Springer), 128-234. 

Calabrese, V., Calafato, S., Cornelius, C, Mancuso, C, and Dinkova-Kostova, 

A. (2008d). "Heme oxygenase: a master vitagene involved in cellular stress 
response," in Enzymes and the Cellular Fight Against Oxidation, ed. A. M. Eleuteri 
(Trivandrum: Research Signpost), 145-163. 

Calabrese, V., Calafato, S., Puleo, E., Cornelius, C, Sapienza, M., Morganti, P., et al. 
(2008e). Redox regulation of cellular stress response by ferulic acid ethyl ester in 
human dermal fibroblasts: role of vitagenes. Clin. Dermatol. 26, 358-363. doi: 
10.1016/j.clindermatol.2008.01.005 

Calabrese, V., Cornelius, C, Mancuso, C, lentile, R., Giuffrida Stella, A. M., and 
Butterfield, D. A. (2008f ). "Redox homeostasis and cellular stress response in aging 
and neurodegeneration," in Free Radical and Antioxidant Protocols, 2nd Edn, eds 
R. M. Uppu, S.N. Murthy, W. A. Pryor, and N. L. Parinandi (New York: Humana 
Press), 285-308. 

Calabrese, V., Cornelius, C, Mancuso, C, Pennisi, G., Calafato, S., BeUia, E, 
etal. (2008g). Cellidar stress response: a novel target for chemoprevention and 
nutritional neuroprotection in aging, neurodegenerative disorders and longevity. 
Neurochem. Res. 33, 2444-2471. doi: 10.I007/sll064-008-9775-9 

Calabrese, V., lentile, R., Cornelius, C, Scalia, M., Cambria, M. T., Ventimiglia, 

B. , etal. (2008h). "Nutritional redox homeostasis and cellular stress response: 
differential role of homocysteine and acetylcarnitine," in Dietary Modulation of 
Cell Signaling Pathways, eds Y. J. Surh, Z. Dong, E. Cadenas, and L. Packer (New 
York, NY: CRC Press), 229-250. 

Calabrese, V., Mancuso, C, Cornelius, C, Calafato, M., Ventimiglia, B., Butterfield, 
D. A., etal. (20081). "Reactive nitrogen species and cellular stress tolerance in 
aging and neurodegeneration: role of vitagenes," in Free Radical Pathophysiol- 
ogy, eds S. Alvarez and P. Evelson (Trivandrum: Transworld Research Network), 
345-367. 

Calabrese, V., Signorile, A., Cornelius, C, Mancuso, C, Scapagnini, G., Ventimiglia, 
B., et al. (2008j). Practical approaches to investigate redox regulation of heat shock 
protein expression and intracellular glutathione redox state. Methods Enzymol 
441, 83-110. doi: 10.10I6/S0076-6879(08)01206-8 

Calabrese, E. J., Staudenmayer, J. W., Stanek, E. J. Ill, and Hofffnann, G. R. (2006a). 
Hormesis outperforms threshold model in National Cancer Institute antitumor 
drug screening database. Toxicol Sci 94, 368-378. doi: 10.1093/toxsci/kfl098 

Calabrese, V., Butterfield, D. A., Scapagnini, G., Stella, A. M., and Marnes, M. 
D. (2006b). Redox regulation of heat shock protein expression by signaling 
involving nitric oxide and carbon monoxide: relevance to brain aging, neurode- 
generative disorders, and longevity. Antioxid. Redox Signal. 8, 444—477. doi: 
10.1089/ars.2006.8.444 

Calabrese, V, Colombrita, C, Sultana, R., Scapagnini, G., Calvani, M., Butterfield, D. 
A., et al. (2006c) . Redox modulation of heat shock protein expression by acetyl- 
carnitine in aging brain: relationship to antioxidant status and mitochondrial 
function. Antioxid. Redox Signal 8, 404-416. doi: 10.1089/ars.2006.8.404 

Calabrese, V., Sultana, R., Scapagnini, G., Guagliano, E., Sapienza, M., Bella, R., 
etal. (2006d). Nitrosative stress, cellular stress response, and thiol homeostasis 
in patients with Alzheimer's disease. Antioxid. Redox Signal. 8, 1975-1986. doi: 
10.1089/ars.2006.8.1975 

Calabrese, V, Cornelius, C, Cuzzocrea, S., lavicoli, L, Rizzarelli, E., and Cal- 
abrese, E. J. (2011). Hormesis, cellular stress response and vitagenes as critical 



www.frontiersin.org 



June 2014 | Volume 5 | Article 120 1 11 



Cornelius eta 



Stress response in Alztieinier and osteoporosis 



determinants in aging and longevity. Mot Aspects Med. 32, 279-304. doi: 
10.1016/j.mam.2011. 10.007 

Calabrese, V., Cornelius, C, Dinkova-Kostova, A. T., and Calabrese, E. J. (2009a). 
Vitagenes, cellular stress response and acetylcamitine: relevance to hormesis. 
Biofactors 35, 146-160. doi: 10.1002/biof.22 

Calabrese, V., Cornelius, C, Mancuso, C, Barone, E., Calafato, S., 
Bates, T., etal. (2009b). Vitagenes, dietary antioxidants and neuroprotec- 
tion in neurodegenerative diseases. Front. Biosci. 14:376-397. doi: 10.27 
41/3250 

Calabrese, V., Cornelius, C, Rizzarelli, E., Owen, ). B., Dinkova-Kostova, A. T., and 
Butterfield, D. A. (2009c). Nitric oxide in cell survival: a Janus molecule. Antioxid. 
RedoxSignal. 11,2717-2739. doi: 10.1089/ars.2009.2721 

Calabrese, V., Perluigi, M., Cornelius, C, Coccia, R., Di Domenico, E, Mancuso, C, 
etal. (2009d). "Phenolics in aging and neurodegenerative disorders," in Phenolic 
Compounds of Plant Origin and Health: The Biochemistry behind Their Nutritional 
and Pharmacological Value, ed. C. G. Fraga (New York, NY: Wiley & Sons), 427- 
451. 

Calabrese, V., Guagliano, E., Sapienza, M., Panebianco, M., Calafato, S., Puleo, 
E., etal. (2007a). Redox regulation of cellular stress response in aging and neu- 
rodegenerative disorders: role of vitagenes. Neurochem. Res. 32, 757-773. doi: 
10.1007/sl 1064-006-9203-y 

Calabrese, V., Mancuso, C, Calvani, M., Rizzarelli, E., Butterfield, D. A., and Giuf- 
frida Stella, A. M. (2007b). Nitric oxide in the CNS: neuroprotection versus 
neurotoxicity. Nat. Neurosci. 8, 766-775. doi: 10.1038/nrn2214 

Calabrese, V., Mancuso, C, Ravagna, A., Perluigi, M., Cini, C, De Marco, 
C, etal. (2007c). In vivo induction of heat shock proteins in the substan- 
tia nigra following L-DOPA administration is associated with increased activity 
of mitochondrial complex I and nitrosative stress in rats: regulation by glu- 
tathione redox state. /. Neurochem. 101, 709-717. doi: 10.1 1 1 l/j.1471-4159.2006. 
04367.x 

Calabrese, V., and Maines, M. D. (2006). Antiaging medicine: antioxidants and 
aging. Antioxid Redox Signal. 8, 362-364. doi: 10.1089/ars.2006.8.362 

Cervellati, C, Romani, A., Seripa, D., Cremonini, E., Bosi, C, Magon, S., 
etal. (2014). Systemic oxidative stress and conversion to dementia of elderly 
patients with mild cognitive impairment. Biomed. Res. Int. 2014, 309507. doi: 
10.1155/2014/309507 

Chico, L., Simoncini, C, Lo Gerfo, A., Rocchi, A., Petrozzi, L., Carlesi, C, 
etal. (2013). Oxidative stress and APO E polymorphisms in Alzheimer's dis- 
ease and in mild cognitive impairment. Free Radic. Res. 47, 569-576. doi: 
10.3109/10715762.2013.804622 

Cornelius, C, Perrotta, R., Graziano, A., Calabrese, E. J., and Calabrese, V. (2013a). 
Stress responses, vitagenes and hormesis as critical determinants in aging and 
longevity: mitochondria as a "chi". Immun. Ageing 10:15. doi: 10.1186/1742- 
4933-10-15 

Cornelius, C, Trovato Salinaro, A., Scuto, M., Fronte, V., Cambria, M. T., Pennisi, M., 
etal. (2013b). Cellular stress response, sirtuins and UCP proteins in Alzheimer 
disease: role of vitagenes. Immun. Ageing 10:41. doi: 10.1186/1742-4933- 
10-41 

Cui, S., Xiong, R, Hong, Y., Jung, J. U., Li, X. S., Liu, ]. Z., et al. (201 1). APPswe/AP 
regulation of osteoclast activation and RAGE expression in an age-dependent 
manner. /. Bone Miner Res. 26, 1084-1098. doi: 10.1002/jbmr.299 

Dawkins, E., and Small, D. H. (2014). Insights into the physiological function of 
the P-amyloid precursor protein: beyond Alzheimer's disease. /. Neurochem. doi: 
10.1111/jnc.l2675 [Epub ahead of print]. 

Di Domenico, P., Perluigi, M., Butterfield, D. A., Cornelius, C, and Calabrese, 
V. (2010). Oxidative damage in rat brain during aging: interplay between 
energy and metabolic key target proteins. Neurochem. Res. 35, 2184—2192. doi: 
10.1007/S11064-010-0295-Z 

Di Paola, R., Impellizzeri, D., Trovato Salinaro, A., Mazzon, E., Bellia, F., Cavallaro, 
M., etal. (2011). Administration of carnosine in the treatment of acute spinal 
cord injury Biochem. Pharm. 82, 1478-1489. doi: 10.1016/j.bcp.201 1.07.074 

Edrey, Y. H., Oddo, S., Cornelius, C, Caccamo, A., Calabrese, V., and Buffen- 
stein, R. (2014). Oxidative damage and amyloid-fi metabolism in brain regions 
of the longest-lived rodents. /. Neurosci. Res. 92, 195-205. doi: 10.1002/jnr. 
23320 

Fang, C. L., Wu, W. H., Liu, Q., Sun, X., Ma, Y., Zhao, Y. E, et al. (2010). Dual func- 
tions of beta-amyloid oligomer and fibril in Cu( II) -induced H2O2 production. 
Regul. Pept. 163, 1-6. doi: 10.1016/i.regpep.2010.05.001 



Fujimoto, M., Hayashida, N., Katoh, T., Oshima, K., Shinkawa, T., Prakasam, R., et al. 
(2010). A novel mouse HSF3 has the potential to activate nonclassical heat-shock 
genes during heat shock. Mol. Biol. Cell 21, 106-116. doi: 10.1091/mbc.E09-07- 

0639 

Gupta, S. C, Kim, J. H., Kannappan, R., Renter, S., Dougherty, P. M., and 
Aggarwal, B. B. (2011). Role of nuclear factor kappaB-mediated inflamma- 
tory pathways in cancer-related symptoms and their regulation by nutritional 
agents. Exp. Biol. Med. (Maywood) 236, 658-671. doi: 10.1258/ebm.2011. 
011028 

Hardas, S. S., Sultana, R., Clark, A. M., Beckett, T. L., Szweda, L. I., Murphy, M. R, 
etal. (2013). Oxidative modification of lipoic acid by HNE in Alzheimer disease 
brain. RedoxBiol. 1, 80-85. doi: 10.1016/j.redox.2013.01.002 

Hong, L., Huang, H. C, and Jiang, Z. F, (2014). Relationship between amyloid- 
beta and the ubiquitin-proteasome system in Alzheimer's disease. Neurol. Res. 36, 
276-282. doi: 10.1179/1743132813Y.0000000288 

Hughes, T. M., Lopez, O. L., Evans, R. W., Kamboh, M. I., Williamson, J. 
D., Klunk, W. E., etal. (2014). Markers of cholesterol transport are associ- 
ated with amyloid deposition in the brain. Neurobiol. Aging 35, 802-807. doi: 
1 0. 10 16/j.neurobiolaging.20 1 3.09.040 

Jefiferies, W. A., Price, K. A., Biron, K. E., Fenninger, R, Pfeifer, C. G., and Dickstein, 
D. L. (2013). Adjusting the compass: new insights into the role of angiogenesis in 
Alzheimer's disease. A/z/ieimer5 Res. TTier. 5:64. doi: 10.1186/alzrt230 

Jiang, J., Wang, Y, Hou, L., Fan, L., Wang, Q., Xu, Z., et al. (2013). Distinct roles of 
sAPP-a and sAPP-fi in regulating U251 cell differentiation. Curr. Alzheimer Res. 
10, 706-713. doi: 10.2174/15672050113109990141 

Kang, J. H., Korecka, M., Toledo, J. B., Trojanowski, J. Q., and Shaw, L. M. (2013). 
Clinical utility and analytical challenges in measurement of cerebrospinal fluid 
amyloid-P(l-42) and x-proteins as Alzheimer disease biomarkers. Clin. Chem. 
59,903-916. doi: 10.1373/clinchem.2013.202937 

Kanzaki, H., Shinohara, E, Kajiya, M., and Kodama, T. (2013). The Keapl/Nrf2 
protein axis plays a role in osteoclast differentiation by regulating intracellu- 
lar reactive oxygen species signaling. /. Biol. Chem. 288, 23009-230020. doi: 
10.1074/jbc.M113.478545 

Kaunitz, J. D., and Yamaguchi, D. T. (2008). TNAP, TrAP, ecto-purinergic signal- 
ing, and bone remodeling. /. Cell. Biochem. 105, 655-662. doi: 10.1002/jcb. 
21885 

Krenz, M., Baines, C., Kalogeris, T., and Korthuis, R. J. (2013). "Cell survival 
programs and ischemia/reperfusion: hormesis, preconditioning, and cardiopro- 
tection," in Colloquium Series on Integrated Systems Physiology: From Molecule to 
Function to Disease, Vol. 109, eds D. N. Granger and J. Granger (San Rafael, CA: 
Morgan & Claypool Life Science Digital Library), 1—32. 

Li, S., Liu, B., Zhang, L., and Rong, L. (2014). Amyloid beta peptide is elevated in 
osteoporotic bone tissues and enhances osteoclast function. Bone 61C, 164-175. 
doi: 10.1016/j.bone.2014.01.010 

Liu, L., and Chan, C. (2014). The role of inflammasome in Alzheimer's disease. 
AgeingRes. Rev. 15, 6-15. doi: 10.1016/j.arr.2013. 12.007 

Lodi, R., Tonon, C, Calabrese, V., and Schapira, A. H. (2006). Friedreich's ataxia: 
from disease mechanisms to therapeutic interventions. Antioxid. Redox Signal. 8, 
438-443. doi: 10.1089/ars.2006.8.438 

Mancuso, C, Bates, T. E., Butterfield, D. A., Calafato, S., Cornelius, C, De Lorenzo, 
A., etal. (2007a). Natural antioxidants in Alzheimer's disease. Expert Opin. 
Investig Drugs 16, 1921-1931. doi: 10.1517/13543784.16.12.1921 

Mancuso, C, Scapagnini, G., Curro, D., Giuffrida Stella, A. M., De Marco, C, 
Butterfield, D. A., etal. (2007b). Mitochondrial dysfunction, fi-ee radical gener- 
ation and cellular stress response in neurodegenerative disorders. Front. Biosci. 
12:1107-1123. doi: 10.2741/2130 

Mancuso, C, Capone, C, Ranieri, S. C, Fusco, S., Calabrese, V., Eboli, M. L., et al. 
(2008). Bilirubin as an endogenous modulator of nemotrophin redox signaling. 
J. Neurosci Res. 86, 1212-1230. doi: 10.1002/jnr.21665 

Mancuso, C, Pani, G., and Calabrese, V. (2006). Bilirubin: an endogenous scav- 
enger of nitric oxide and reactive nitrogen species. Redox Rep. 11, 207-213. doi: 
10.1179/135100006X154978 

Mizoi, M., Yoshida, M., Saiki, R., Waragai, M., Uemura, K., Akatsu, H., et al. (2014). 
Distinction between mild cognitive impairment and Alzheimer's disease by CSF 
amyloid P(40) and P(42), and protein-conjugated acrolein. Clin. Chim. Acta. 
430C, 150-155. doi: 10.1016/j.cca.2014.01.007 

Murshid, A., Eguchi, T, and Calderwood, S. K. (2013). Stress proteins in aging and 
life span. Int J. Hyperthermia 29, 442-447. doi: 10.3109/02656736.2013.798873 



Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery 



June 2014 | Volume 5 | Article 120 1 12 



Cornelius eta 



Stress response in Alztieinier and osteoporosis 



Ono, K., Ohashi, S., and Tanaka, S. (2014). New Diagnostic Criteria and Guidelines 
on Osteoporosis. Anti-osteoporosis drugs based on the guidelines for the Preven- 
tion and Treatment of Osteoporosis (2011 edition). Clin. Calcium 24, 401-406. 
doi: CliCal403401406 

Osorio, R. S., Pirraglia, E., Gumb, T., Mantua, J., Ayappa, 1., Williams, S., etal. 
(2014). Imaging and Cfrt-brospinal fluid biomarkers in the search for Alzheimer's 
disease mechanisms. Neuruclegencr. Dis. 13, 163-165. doi: 10.1159/000355063 

Park, K., Ju, W. C, Yeo, I. H., Kim, I. Y., Sec, H. S., Uchida, Y, et al. (2014). Increased 
OPG/RANKL ratio in the conditioned medium of soybean-treated osteoblasts 
suppresses RANKL-induced osteoclast differentiation. Int. J. Mol. Med. 33, 178- 
184. doi: 10.3892/ijmm.2013.1557 

Park, S. K., Oh, S., Shin, H. K., Kim, S. H., Ham, )., Song, J. S., etal. 
(2011). Synthesis of substituted triazolyl curcumin mimics that inhibit RANKL- 
induced osteodastogenesis. Bioorg. Med. Chem. Lett. 21, 3573-3577. doi: 
10.1016/j.bmcl.2011.04.106 

Pennisi, G., Cornelius, C, Cavallaro, M. M., Trovato Salinaro, A., Cambria, M. T., 
Pennisi, M., et al. (201 1). Redox regulation of cellular stress response in multiple 
sclerosis. Biochem. Pharm. 82, 1490-1499. doi: 10.1016/j.bcp.2011.07.092 

Perluigi, M., Di Domenico, R, Giorgi, A., Schinina, M. E., Coccia, R., Cini, C, 
et al. (2010). Redox proteomics in aging rat brain: involvement of mitochondrial 
reduced glutathione status and mitochondrial protein oxidation in the aging 
process. /. Neurosci. Res. 88, 3498-3507. doi: 10.1002/jnr22500 

Perluigi, M., loshi, G., Sultana, R., Calabrese, V., De Marco, C., Coccia, R., etal. 
(2006). In vivo protective effects of ferulic acid ethyl ester against amyloid- 
beta peptide 1-42-induced oxidative stress. /. Neurosci. Res. 84, 418^26. doi: 
10.1002/jnr20879 

Piva, R., Penolazzi, L., Borgatti, M., Lampronti, 1., Lambertini, E., Torreggiani, E., 
etal. (2009). Apoptosis of human primary osteoclasts treated with molecules 
targeting nuclear factor-kappaB. Ann. N. Y. Acad. Sci. 1171, 448--456. doi: 
10.1 1 1 l/j.l749-6632.2009.04906.x 

Ponnayyan Sulochana, S., Sharma, K., Mullangi, R., and Sukumaran, S. K. (2014). 
Review of the validated HPLC and LC-MS/MS methods for determination of 
drugs used in chnical practice for Alzheimer's disease. Biomed. Chromatogr. doi: 
10.1002/bmc.3116. [Epub ahead of print]. 

Rachner, T. D., Khosla, S., and Hofbauer, L. C. (2011). Osteoporosis: now and the 
future. Lancet 377, 1276-1287. doi: 10.1016/80140-6736(10)62349-5 

Richard, E., and Brayne, C. (2014). Dementia: mild cognitive impairment - not 
always what it seems. Nat Rev. Neurol. 10, 130-131. doi: 10.1038/nrneu- 
rol.2014.23 

Roher, A. E., Esh, C. L., Kokjohn, T. A., Castano, E. M., Van Vickie, G. D., Kalback, 

W. M., etal. (2009). Amyloid beta peptides in human plasma and tissues and 

their significance for Alzheimer's disease. Ahheimers Dement. 5, 18-29. doi: 

10.1016/j.jalz.2008. 10.004 
Saibil, H. (2013). Chaperone machines for protein folding, unfolding and 

disaggregation. Nat. Rev. Mol. CellBiol. 14, 630-642. doi: 10.1038/nrm3658 
Scapagnini, G., Caruso, C, and Calabrese, V. (2011). Therapeutic potential of 

dietary polyphenols against brain ageing and neurodegenerative disorders. Adv. 

Exp. Med Biol. 698, 27-35. doi: 10.1007/978-l-4419-7347-4_3 
Scapagnini, G., Colombrita, C, Amadio, M., D'Agata, V., ArceUi, E., Sapienza, M., 

etal. (2006). Curcumin activates defensive genes and protects neurons against 

oxidative stress. Antioxid. Redox Signal. 8, 395^03. doi: 10.1089/ars.2006.8.395 
Schulz, H. (1887). Zur Lehre von der Arzneiwirdung. Virchows Arch. Pathol. Anat. 

Physiol. Klin. Med. 108, 423-445. doi: 10.1007/BE02281473 
Schulz, H. (1888). Uber Hefegifte. Pflugers Arch. Physiol. Menschen Tiere 42, 517- 

541. doi: 10.1007/BE01669373 
Siciliano, R., Barone, E., Calabrese, V., Rispoli, V., Butterfield, D. A., and Mancuso, 

C. (2011). Experimental research on nitric oxide and the therapy of Alzheimer 

disease: a challenging bridge. CNS Neurol. Disord. Drug Targets 10, 766-776. doi: 

10.2174/187152711798072356 
Southam, C. M., and EhrUch, J. (1943). Effects of extract of western red-cedar 

heartwood on certain wood-decaying fungi in culture. Phytopathology 33, 517- 

524. 

Soysa, N. S., Alles, N., Weih, D., Lovas, A., Mian, A. H., Shimokawa, H., et al. (2010). 

The pivotal role of the alternative NF-kappaB pathway in maintenance of basal 

bone homeostasis and osteodastogenesis. /. Bone Miner. Res. 25, 809-818. doi: 

10.1359/jbmr.091030 
Stefanova, N. A., Kozhevnikova, O. S., Vitovtov, A. O., Maksimova, K. Y, Logvinov, 

S. v., Rudnitskaya, E. A., et al. (2014). Senescence-accelerated OXYS rats: a model 



of age-related cognitive decline with relevance to abnormalities in Alzheimer 

disease. Cell Cycle 13, 898-909. doi: 10.4161/cc.28255 
Sun, S. C. (2012). The noncanonical NF-kB pathway. Immunol. Rev. 246, 125-140. 

doi: 10.1 1 1 l/j.l600-065X.201 1.01088.x 
Swomley, A. M., Eorster, S., Keeney, J. T., Triplett, )., Zhang, Z., Sultana, R., etal. 

(2013) . Abeta, oxidative stress in Alzheimer disease: evidence based on proteomics 
studies. Biochim. Biophys. Acta doi: 10.1016/j.bbadis.2013.09.015 [Epub ahead of 
print]. 

Toth, G., Gardai, S. )., Zago, W., Bertoncini, C. W., Cremades, N., Roy, S. L., etal. 

(2014) . Targeting the intrinsically disordered structural ensemble of a-synuclein 
by small molecules as a potential therapeutic strategy for Parkinson's disease. 
PLoS ONE 9:e87133. doi: 10.1371/journal.pone.0087133 

Vacek, T. R, Kalani, A., Voor, M. J., Tyagi, S. C, and Tyagi, N. (2013). The role 

of homocysteine in bone remodeling. Clin. Chem. Lab. Med. 51, 579-590. doi: 

10.1515/cclm-2012-0605 
Valasani, K. R., Sun, Q., Hu, G., Li, J., Du, R, Guo, Y., etal. (2014). Identification of 

human ABAD inhibitors for rescuing AP-mediated mitochondrial dysfunction. 

Curr. Alzheimer Res. 11, 128-136. doi: 10.2174/1567205011666140130150108 
Wallace, D. C. (2008). Mitochondria as chi. Genetics 179, 727-735. doi: 

10.1534/genetics.l04.91769 
Wallace, D. C. (20 1 0) . Mitochondrial DNA mutations in disease and aging. Environ. 

Mol. Mutagen. 5, 440^50. doi: 10.1002/em.20586 
Wallace, D. C. (2012). Mitochondria and cancer. Nat Rev. Cancer 10, 685-698. doi: 

10.1038/nrc3365 

Wallace, D. C. (2013). Bioenergetics in human evolution and disease: implications 
for the origins of biological complexity and the missing genetic variation of 
common diseases. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368, 20120267. doi: 
10.1098/rstb.2012.0267 

Westerheide, S. D., Raynes, R., Powell, C., Xue, B., and Uversky, V. N. (2012). HSF 
transcription factor family, heat shock response, and protein intrinsic disorder. 
Curr. Protein Pept Sci. 13, 86-103. doi: 10.2174/138920312799277956 

Willcox, B. J., and Willcox, D. C. (2014). Caloric restriction, caloric restric- 
tion mimetics, and healthy aging in Okinawa: controversies and clini- 
cal implications. Curr. Opin. Clin. Nutr. Metab. Care 17, 51-58. doi: 
10.1097/MCO.0000000000000019 

Woodman, I. (2013). Osteoporosis: linking osteoporosis with Alzheimer disease. 
Nat. Rev. Rheumatol. 9, 638. doi: 10.1038/nrrheum.2013.152 

Xia, W. R, Jung, J. U., Shun, C, Xiong, S., Xiong, L., Shi, X. M., et al. (2013). Swedish 
mutant APP suppresses osteoblast differentiation and causes osteoporotic defidt, 
which are ameliorated by AT-acetyl-L-cysteine. /. Bone Miner. Res. 28,2122-2135. 
doi: 10.1002/jbmr.l954 

Zhang, Y, Ahn, Y. H., Benjamin, 1. J., Honda, T., Hicks, R. J., Calabrese, V., 
etal. (2011). HSFl-dependent upregulation of Hsp70 by sulfhydryl-reactive 
inducers of the KEAP1/NRF2/ARE pathway. Chem. Biol. 18, 1355-1361. doi: 
10. 1016/j.chembiol.201 1 .09.008 

Zhang, Y, Naidu, D. S., Rostov, R. V., Pheely, A., Calabrese, V., and Dinkova- 
Kostova, A. T. (2014). "Sulfhydryl-reactive phytochemicals as dual activators of 
transcription factors NRF2 and HSFl," in Recent Advances in Phytochemistry, 
50 Years of Phytochemistry Research, ed. D. R. Gang (New York, NY: Springer), 
95-119. 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 18 March 2014; accepted: 06 May 2014; published online: 10 June 2014. 
Citation: Cornelius C, Koverech G, Crupi R, Di Paola R, Koverech A, Lodato F, Scuto 
M, Salinaro AT, Cuzzocrea S, Calabrese EJ and Calabrese V (2014) Osteoporosis and 
Alzheimer pathology: role of cellular stress response and hormetic redox signaling in 
aging and hone remodeling. Front Pharmacol. 5:120. doi: 10.3389/fphar.2014.00120 
This article was submitted to Experimental Pharmacology and Drug Discovery, a 
section of the journal Frontiers in Pharmacology. 

Copyright © 2014 Cornelius, Koverech, Crupi Di Paola, Koverech, Lodato, Scuto, Sali- 
naro, Cuzzocrea, Calabrese and Calabrese. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, dis- 
tribution or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



www.frontiersin.org 



June 2014 | Volume 5 | Artide 120 1 13 



